A concrete roadmap toward a low-carbon society in case of Kyoto City J. Renewable Sustainable Energy 2, 031004 (2010) The increase of greenhouse gas (GHG) emissions is irreversibly raising the earth's temperature, with its effects already being seen across the world, with higher frequency and intensity of extreme weather events and natural disasters. Agriculture is extremely vulnerable to these climatic changes, and in most regions of the world, productivity and yields are likely to suffer from shifting seasons and heightened weather variability. These changes could lead to higher food prices for the main food crops and undermine global food security. However, agriculture is also part of the problem of climate change. Together with land-use change and deforestation, it is a large contributor to global GHG emissions. In order to face the challenge of climate change, the carbon intensity of agriculture must be reduced in a way that will not compromise the food security of poor people. With the right innovations, investments, and policy incentives in place, low GHG emission agriculture practices can help mitigate the effects of climate change, reduce emissions while contributing to food security. Governments and donors must ensure that the switch to low GHG emissions technologies and practices-referred to as low carbon throughout the article, is done in a way that is pro-poor and that meets smallholders' and women's needs.
policymakers, scientists, and investors must develop ways for agriculture to contribute to a low carbon global economy, while helping to secure long-term food supplies and achieve food security on a large scale and in a sustainable manner.
In Sec. II, this paper briefly reviews the threats climate change poses to global food security. In Secs. III and IV, agriculture is discussed as both part of the climate change problem and part of the solution. In Sec. V, solutions, including innovations in technology, policy, and investment, are recommended for transforming agriculture into a low carbon sector, while ensuring food security and environmental protection. Conclusions follow.
II. CLIMATE CHANGE WILL FURTHER THREATEN GLOBAL FOOD SECURITY
Around the world, 925 Â 10 6 people remain undernourished, 3 and global food security faces multiple challenges. These challenges are complexly interlinked and include expanding biofuel production, rising oil prices, extreme weather events, and harmful trade restrictions, which contribute to high and volatile food prices, threatening the food security of the world's poorest consumers, who spend up to 70% of their incomes on food. 5 The challenge of enhancing global food security will require decisive action on a number of fronts, including measures that enhance agricultural growth; minimize food-fuel competition; support transparent, fair, and open trade; establish strategic emergency food reserves; and promote social safety nets, especially for women and young children. 5 Climate change is expected to further threaten an already stressed global food security system. 6, 7 Various evidences have shown that it will lead to crop yield declines across developed and developing regions of the world. [8] [9] [10] [11] Although climate change models differ widely, 12 projections from the Intergovernmental Panel on Climate Change (IPCC) signal temperatures increase ranging between 1.8 C and 4.0 C, from about 2000 to 2100. 13 At present, models that link yields to weather data already indicate that global maize and wheat production have declined by 4% and 5%, respectively, relative to a counterfactual without climate trends between 1980 and 2008. 14 In the future, with the exception of some parts of the world such as Russia, 15 these trends are likely to result in declining yields for key crops such as maize, rice, and wheat in the world. [16] [17] [18] Although the impact of climate change on crop yield and food prices needs to be further studied at the global and regional levels, IFPRI's IMPACT model confirms yield declining trends that have been identified by other studies. 19, 20 Based on the A1B scenario of the IPCC, scenarios from IFPRI's IMPACT model show that yields for maize, rice, and wheat could decline by range of 1%-13% due to climate change from 2000 to 2050, across the world. 2 In developing countries, maize could decline by 3%-5%; rice by 0%-11%, and wheat 15 by 10%-13% (Ref. 2). Climate change could also push up the global prices of key crops. In an optimistic scenario, IFPRI's IMPACT model projects' price increases for maize, rice, and wheat to be, respectively, 87%, 31%, and 43% between 2010 and 2050.
2 Where the effects of climate change are perfectly mitigated, price increases are smaller-about 33% for maize, 18% for rice, and 23% for wheat (see Nelson et al. for an extensive discussion of the model results).
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Due to the cyclical feedback mechanisms between land and the atmosphere, climate change will also affect land-use choices. 21 Indeed, changes in precipitation and temperature increases have the potential to impact evapotranspiration and soil moisture on a large scale, since 80% of the world's agricultural land relies on rainfall. 22 In sub-Saharan Africa, for example, climate variability will affect growing periods and yields, which will affect the ability of landmanagement practices to maintain land and water resources. 23 If nothing is done, climate change is expected to reduce calorie availability by 2050, declining by 10% for the average consumer in developing countries relative to 2000 levels. 2 This will have dire consequences on human well-being, especially for children, and will result in many setbacks from the progress achieved in terms of nutrition and health over the past several decades. Between 2010 and 2050, the number of malnourished children in developing countries is projected to increase by about 18% under a pessimistic scenario. Relative to perfect mitigation, this number is expected to increase by an additional 9% in 2050.
2 It is estimated that to counter these effects and raise calorie consumption enough to offset the negative impacts of climate change on children's well-being and health, global agricultural productivity investments of US$7.1 billion to 7.3 billion would be needed across the world. 24 Rural populations that rely on good climatic conditions to produce food and generate income will be particularly hard hit by climate change. They represent a large share of the world's farmers and include smallholder and subsistence farmers, pastoralists, marginalized groups such as indigenous people and other traditional societies as well as coastal populations and artisanal fishermen. In Asia and sub-Saharan Africa, smallholders account for more than 80% of all farms and a large proportion of the world's agricultural output. A large part of these farmers is women, who play a key role in producing food and providing both food and nutritional security to their household, especially children. These populations already face multiple challenges in producing enough food for their subsistence and generating sustainable incomes: limited resources, high marketing and transport costs, and insufficient access to technology, markets, credit, and infrastructure. When developing technological innovations, policy, and market incentives for low carbon agriculture, governments as well as the private sector must make these populations, in particular, smallholders and women, their central priority.
III. AGRICULTURE IS PART OF THE PROBLEM OF CLIMATE CHANGE
Agriculture is one of the largest contributors to global GHG emissions. Together with forestry and land-use change, it contributes to more than 30% of the world's GHG emissions. 4, 25 Although results from studies vary, the IPCC estimates that between 10% and 12% of GHG emissions come from agricultural production, without taking into account land-use change and fertilizer production. 25, 26 Agricultural, forestry, and land-use practices can all result in processes that release carbon and other GHGs from soils, trees, and vegetation. Changes in tillage and land-use practices are particularly worrisome since 60%-80% of all earthly carbon is contained in global soils, according to the World Soil Information. 27 Indeed, agricultural and land-use practices account for between 6% and 17% of global GHG emissions, 28 60% of nitrous oxide and about 50% of methane emissions. 25 Globally, both nitrous oxide and methane have increased in similar proportions due to biomass burning, enteric fermentation, and soil emissions, which together account for 88% of this increase. 26 For nitrous oxide, about 38% of emissions come from fertilized soils, 12% from biomass burning, and 7% from manure management. For methane, around 32% of emissions originate from enteric fermentation and 11% from rice production. Due to the negative effects, these processes have on the climate and agriculture, farmers should be provided with alternatives that result in less GHG emissions, while supporting productivity, agricultural growth, and protecting the environment.
The large majority of total agricultural GHG emissions come from developing countries, which contributed 74% of global agricultural emissions in 2005. 25 GHG emissions continue to be on the rise across the developing world due to growing populations, food demand, and economic growth. Latin America has considerably expanded its arable land, due to increased cattle and biofuel production, leading to an increase in emissions related to land-use change and deforestation. In East and South Asia, GHG emissions from animal sources, fertilizer, and manure are projected to strongly increase in order to meet growing food demands. 25 In sub-Saharan Africa, the Middle East, and North Africa, emissions are projected to increase by 95% by 2020 (forecast derived for the 1990-2020 period). 29 GHG emissions from methane and nitrous oxide are also on the rise in developing countries, where they have increased by 32% since 1990, whereas they have actually decreased in developed countries. 25 Climate change will place additional pressure on already stressed natural resources such as water and land. Because agriculture is one of the largest users of these resources, which are vital for both short-term food production and long-term food security, it will increasingly have to use natural resources in a sustainable way. In fact, it is estimated that as much as 86% of the amount of water used around the world is used by the agricultural sector. However, around 39% of the grain that is produced globally is actually produced using water in unsustainable ways. 30 Today, 36% of the global population lives in water-scarce regions and 22% of the world's gross domestic product (GDP) (at US$9.4 trillion at 2000 prices) is produced in areas that are short on water. 29 Current water management practices could put about 45% of the projected global GDP at risk and expose 52% of the world population to severe water scarcity by 2050. 31 The expansion of cropland will also put pressure on land. As a hectare of cleared land in the tropics releases twice more tons of carbons than in developed countries, cropland expansion will have greater impacts in developing countries than in developed ones. 32 Even the indirect land-use changes related to biofuels could in some cases outweigh the carbon savings they offer in comparison with fossil fuels. In Brazil, for example, biofuel production from sugarcane and soybean could contribute to half of the projected indirect deforestation by 2020, creating a carbon debt that would take about 250 years to repay through biofuels instead of fossil fuels. 33 To reduce their contribution as well as to increase their resilience to climate change, both developing and developed countries will need to implement adaptation and mitigation practices in agriculture. There is, therefore, an urgent need to find new technologies and market and policy incentives that can help to reduce agriculture, forestry, and land-use related GHG emissions-and help farmers adapt to and mitigate the effects of climate change.
IV. AGRICULTURE IS ALSO PART OF THE SOLUTION
Agriculture has great biophysical and economic potential for reducing carbon, nitrous oxide, and methane emissions as well as helping farmers in developing countries adapt to and mitigate against climate change. Agriculture's mitigation potential is cost-efficient and comparable to other large sectors such as industry, energy, and transport. The global mitigation potential of agriculture is worth between US$32 billion and US$420 billion (at carbon prices between US$20 and US$100 (t CO 2 -eq.-1)). 34 Sub-Saharan Africa could sequester from 100 Â 10 6 to 400 Â 10 6 ton of CO 2 a year, at US$10 dollars a ton, which could yield financial benefits ranging from US$1 billion to $4 billion a year. 4 Overall, this potential translates into many mitigation options. Figures 1 and 2 below show the global technical and mitigation potential that agriculture can offer.
Land-management practices and farm system design can help to reduce global GHG emissions from agriculture. These include cropland and grazing land management, restoration of cultivated land, no-till or low-till farming, and improved fertilizer use as well as forest conservation and management. 35 Farm systems can be designed to mitigate GHG emissions through mixed cropping or organic farming, crop rotation, and the use of cover crops. 36 By choosing less intensive and more integrated farming systems, farmers can optimize crop productivity while limiting GHG emissions. 34, 37, 38 For instance, integrating crops and animals into a single farm allows recycling waste as a source of nutrients and reducing the use of mineral fertilizers and pesticides. 39 Also, the use of cover crops so that land is permanently covered can improve soil fertility and crop productivity at the same time as storing GHG emissions. The use of nitrogen can be improved through intercropping and under-sowing legumes as well as by using manure and nitrogen fixing plants. This would significantly reduce nitrogen emissions from fossil fuel fertilizers, which amount to 2% of total global GHG emissions in 2007. 34 Other sources of GHG emissions such as methane from rice and livestock production have lower mitigation potential in comparison with land-management practices. However, because methane accounts for about 14% of global total GHG emissions, they are important to consider. In the case of India's agriculture, it was found that methane emissions from irrigated rice can be reduced by temporarily draining the field during the growing period. Indeed, a single midseason drying would substantially reduce methane emissions from irrigated rice with only a small reduction in yields. 40 Wetland restoration and peat land preservation can also reduce methane emissions as well as provide carbon storage co-benefits. Wetlands are the largest pool of stored carbon, and it is, therefore, important to preserve them. 23 Recent studies have shown that low carbon agriculture can offer environmental, mitigation, and productivity benefits. 35, 41 In contrast with intensive agricultural production systems, low carbon agricultural practices can reduce soil erosion, pest resistance, and loss of biodiversity. 42 Other studies have found that food production in developing countries could improve through sustainable use of water and land, crop rotation, cover cropping, agroforestry as well as organic fertilizer use. 40, 43 More research, especially on low carbon poultry farming and fruit production, is needed to identify the trade-offs among low carbon agriculture, productivity, and mitigation.
Despite the fact that trade-offs between low carbon agriculture and food productivity exist, it is important to explore and develop win-win solutions, on a case by case basis. 44 Several agricultural practices offer "triple wins" in terms of productivity, mitigation, and adaptation. For example, studies on agricultural management in Kenya and Uganda have shown that soil nutrient management, such as combinations of inorganic fertilizer, mulching, and manure, had strong triple win potential. 26, 32, 45 Table I below illustrates the synergies and tradeoffs that can exist between productivity, GHG mitigation, and adaptation, for cropland management practices in Kenya. However, although it was found that practices that were geared toward enhancing farm productivity and climate change adaptation were already being implemented, practices that offered mitigation co-benefits, such as minimum tillage, cover cropping, and improved fallowing, showed low adoption rates. Social and cultural factors, 46 including risk aversion or food preferences could get in the way of implementing low carbon agriculture practices. 47, 48 Switching to low carbon agricultural practices will present opportunity but can also increase transaction costs for farmers, especially for smallholders with limited resources in developing countries. 49 If smallholder farmers do not increase their income after bearing the initial costs of switching to low carbon agriculture, it is likely that the adoption of low carbon agriculture practices will be low. Public provision of improved seeds and feeds, for example, where low carbon agricultural practices are not as profitable would facilitate adoption and maximize benefits in terms of increased productivity and GHG mitigation. 47 Implementing low GHG emissions agricultural practices that enhance climate change adaptation and mitigation as well as productivity and food security will also raising awareness among government, extension service workers, and farmers on the triple win potential of low carbon agriculture. It also entails building technical capacity and providing economic incentives for smallholder farms, family farms, and commercial farms as well as other actors involved in the agriculture, forestry, and fisheries to adopt those practices, without having to bear the transaction costs on their own.
V. INNOVATIONS, INVESTMENTS, AND INCENTIVES TO PROMOTE LOW CARBON AGRICULTURE
Low carbon agriculture initiatives are already being implemented in different parts of the developing and developed world. But new policy and expanded market incentives are needed to encourage farmers, governments, and the private sector to invest in and switch to low carbon agriculture without comprising food security of the poor. Technological innovations that help to measure, track, and map GHG emissions are needed to better target and monitor the mitigation potential held in agriculture. These innovations are necessary steps toward making low carbon agriculture a technologically and economically feasible option to farmers across the world.
A. Expand GHG emission reductions markets to agriculture
The United Nations' programs on reducing emissions from deforestation and forest degradation (REDD and REDDþ) provide financial incentives and technical support to developing countries in their efforts to reduce emissions from deforestation and forest degradation, conservation, and management as well as by enhancing forest carbon stocks. REDD and REDD þ forest projects are active in 13 countries across the developing world. 50 Since 2006, the Clean Development Mechanism (CDM) has helped to developing countries earn and trade emission credits from activities that result in emissions reduction, but until recently, agricultural projects were not eligible. Although progress has been made and farmers can now benefit from credits for methane emissions from irrigated rice, more needs to be done to expand the range of agricultural practices eligible to international carbon markets.
In order for 2012 post-Kyoto agreement and subsequent CDM methodologies to be widened to further agricultural and land-management practices, technological innovations must be developed, tested, and scaled-up. These should focus on carbon sequestration calculation and validation of baselines as well as carbon storage tracking across farming and land-use systems, all of which are lacking in developing countries. Developing countries will also need to build their technical capacity to implement, trade, and monitor mitigation activities as well as to reduce transaction costs at the local level. Such efforts will create an enabling environment for agricultural mitigation and are likely to contribute to reducing the associated risks and costs perceived by farmers and investors.
B. Develop GHG emission reductions measurement tools
In the past, the exclusion of agricultural projects from emissions trading was based on uncertainties related to measuring the extent of GHG emissions and carbon sequestration as well as the anticipated high costs of monitoring, reporting, verifying, and organizing farmers. Now emission quantification tools spanning a wide array of agricultural activities and practices are available and ready to use. 51 Timely, cost-effective, and nondestructive methods, using laser and infrared technologies, are also being developed and tested to measure the amount of carbon that is stored in agricultural soils. 52 They have been applied in the Brazilian cerrado (savannah) and Andean wetlands in Peru and could easily be scaled-up in other developing countries. 51 Data on agriculture, land-use change, and deforestation can be sourced in different ways, for example, through remote sensing or censuses. Each presents advantages: remote sensing can offer high resolution and precise spatial definition, and censuses can convey useful and specific information on crops and farm management.
Cutting-edge innovations that combine spatial technologies and remote sensing, such as geographic information systems (GIS), have the potential to track and predict actual or avoided GHG emissions from agriculture, land-use change, and deforestation. Online platforms, such as ArcGIS, 53 now provide an accessible way of organizing and sharing geographic and environmental data, which can be used to identify regions with actual high GHG emissions as well as those with mitigation potential. As GIS technologies have improved so has the precision of the data, allowing the visualization of natural resources and emissions at more disaggregated levels. Initiatives such as the regional carbon sequestration partnerships (RCSPs) in the United States use ArcGIS to build a carbon sequestration map for the United States and Canada, putting together data on carbon sources, potential storage sites, transportation, and land use. Innovative projects like these must be scaled-up to agriculture, forestry, and rural areas. The RCSPs are implemented in three phases: (1) the characterization phase, which identifies potential locations for carbon storage; (2) the validation phase, which tests carbon storage on a small scale; and (3) the development phase, which involves large-scale field testing involving at least 1 Â 10 6 metric ton of carbon per project. 54 The National Aeronautics and Space Administration (NASA) built a tropical forest carbon map for Africa, Asia, and Latin America, using data from the Geoscience Laser Altimeter System lidar on NASA's ICESat satellite. 55 This technology has also been used to build one of the most precise forest carbon maps available for Gabon's forests and has the potential to be used in tropical forests in other developing countries. Innovative emissions measurement tools are a necessary basis in order to build efficient market and policy incentives for low GHG emissions agriculture.
C. Develop low carbon agriculture policy incentives
The methodological and technological bases discussed in subsection V B enabled the development of voluntary emissions schemes and pre-compliance markets for carbon offsets around the forestry, biomass, and industrial sectors. Similar voluntary schemes for agricultural emissions trading have been put in place in Australia, China, and New Zealand and should be piloted and scaled-up in developing countries so that mitigation and economic opportunities are not missed.
In 2011, the Australian parliament approved the Carbon Farming Initiative (CFI). The CFI seeks to create legislation to establish a carbon crediting mechanism, to stimulate the development of methodologies for carbon mitigation projects, and to develop and disseminate information and tools so that farmers can benefit from this opportunity. Table II offers a summary of some of the key mitigation techniques supported by the CFI, as well as their estimated mitigation potential. Qualifying carbon mitigation credits include emissions reduction that result from the capture and destruction of CH 4 emissions from landfill or livestock manure as well as soil or tree carbon sequestration through forest planting and improved soil management. CFI activities cover both Kyoto activities and non-Kyoto recognized activities. These credits are open for purchase by individuals and companies to offset the emissions they generate and can be used to meet regulatory requirements or on a voluntary basis, as long as carbon sequestration is additional to normal=current practices. Offset projects established under the CFI will need to apply government-approved methodologies, which are can be developed by both the private and public sectors.
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Low GHG emissions agricultural practices are readily available and implementable, but they are seldom profitable to farmers. The opportunity costs of switching to low carbon agriculture are high, especially for poor smallholder farmers, who make up the majority of farmers and manage most of the agricultural lands across the world. Also, perceived risks and costs of investing in mitigation activities and practices are a considerable barrier to low carbon agriculture. Policymakers must therefore provide incentives to foster change across the board of agricultural stakeholders.
In Brazil, the Ministry of Agriculture, Fisheries and Production launched a Low Carbon Agriculture program (ABC in Portuguese) in 2010. It is meant as an incentive to encourage farmers to adopt technological processes that neutralize or minimize the effects of on-farm GHG emissions. The program funds the implementation and scaling-up of integrated agriculture systems with livestock or crop-livestock-forestry systems as well as soil conservation practices, maintenance of commercial forests, restoration of preservation areas or forest reserves, and other practices that involve a sustainable production and low GHG emissions. 57 The program provides a credit of US$1.3 billion to sustainable and low carbon farm practices that show a positive balance between sequestration and carbon dioxide emissions. Resources are guaranteed to farmers and cooperatives, and the funds are limited to US$600 000 per recipient. Table III summarizes some key low carbon agriculture techniques that are supported by ABC, as well as their estimated mitigation potential.
D. Plan for and prioritize low carbon agriculture options
Building consensus for and prioritizing among low carbon agriculture options is crucial in order to achieve low carbon agriculture in a way that enhances food security and helps poor people and smallholders meet needs and seize opportunities. For this to occur, policymakers, investors, and farmers need tools to prioritize, calculate costs and benefits, and implement low carbon agriculture plans. The McKinsey GHG abatement curve on mitigation potential is a good start 
Recovery of degraded pastures
The goal is to transform the land into productive areas worn out by food, fiber, meat, and forestry production 15 Â 10 6 ha Up to 104 Â 10 6 ton of CO 2 equivalent
Integrated crop-livestock-forestry
The objective is to alternate between agriculture, pasture, and forestry in a single farm area. It would improve soil fertility and carbon storage capacity as well as create jobs and increase incomes. 4 Â 10 6 ha Up to 22 Â 10 6 ton of CO 2 equivalent
Planting of commercial forests
The planting of eucalyptus and pine can provide future incomes for producers and mitigate carbon emissions through the oxygen released by the trees. 6-9 Â 10 6 ha Projection not available
Biological nitrogen fixation
The technique aims to develop microorganisms=bacteria to capture nitrogen in the air and turn it into organic matter for crops, resulting in a reduction of production costs and improvements in soil fertility.
5.5 Â 10 6 ha 10 Â 10 6 ton of CO 2 equivalent
Animal waste treatment
This technique aims at turning waste from pigs and other animals into gas and organic compost. This technique would actually benefit from certified emission reduction.
Â 10
6 m 3 of waste from pig farming and other activities, which would avoid 6.9 Â 10 6 ton of CO 2 equivalent for identifying the most economically viable options for any given country or region. In a more specific manner, the IFPRI IMPACT model generates projections on climate change and food security up until 2050 using human, macro-economic, climate, and natural resource drivers of change, which are essential when it comes to planning strategically for climate change in the agricultural sector.
2 Finally, priority-setting mechanisms can allow farmers and other rural stakeholders to plan for climate change and implement mitigation and adaptation actions. 58 In order to harness agriculture's low carbon potential in a way that is pro-poor and that benefits smallholders and women, it is crucial that they are included in planning, priority-setting, and decision-making processes.
VI. CONCLUSIONS
Developing countries will have to adapt to and mitigate the impacts of climate change while at the same time achieve food security and broader development goals. Bold innovations and investments are needed so that farmers in developing countries can shift to low GHG agriculture in the very near future. New cost-effective and nondestructive technologies that allow GHG emissions to be measured and monitored should be implemented in developing countries so they have the capacity to build and monitor carbon markets. Also, donors and private sector partners must come together to test, apply, and scale-up the use of these tools in developing countries.
Although a switch to low GHG agricultural practices is easily implementable, new low GHG technologies and carbon storage practices must be developed in order to expand the scope of low carbon options for farmers. The adoption of low carbon agricultural practices in developing countries is likely to have transaction costs for farmers. Developing country governments should therefore put into place policy and financial incentives that encourage the adoption of low carbon agricultural, land management, and forestry practices. 59 The ABC program in Brazil and the CFI in Australia are good examples that could be replicated and scaled-up in numerous developing countries. Capacity-building in low carbon agriculture technologies, practices, and policies in developing countries should be encouraged across all levels-from farmers to ministries-and across all sectors, from the private energy sector to public extension systems. This will help developing countries analyze, plan, and prioritize technology, practices, and policy options as well as better identify low carbon opportunities that are a win-win to mitigate against climate change and achieve food security. In order to take advantage of these opportunities in a way that is pro-poor, and that benefits smallholder farmers and women, planning, priority setting, and decision making processes must be inclusive and focus on the poorest and most vulnerable populations.
